investigated the mechanical properties and residual stresses of a FSW aluminum 5083 test specimen, and concluded that these properties are governed by the thermal input rather than by the mechanical deformation caused by the FSW tool.
As we have seen, some useful studies that deal with micro-structural and fatigue issues in FSW aluminum structures have been undertaken. However, there is still a lack of studies on the characterization of material properties for FSW high-strength aluminum alloys such as aluminum 5083 and 5383, which are used for shipbuilding.
The aim of the present study is to experimentally examine the mechanical properties of friction stir welded aluminum alloys. Two types of aluminum alloys, i.e., 5083 and 5383 which are typical alloys used for shipbuilding, are considered. Tensile coupon testing is undertaken with dogbone type test specimen. To prepare the test specimen, FSW is performed between identical alloys and also between dissimilar alloys. Fusion welding is also applied for the purpose of comparison.
The insights and conclusions developed from the present study are documented together with details of the test database.
FUSION WELDS VERSUS FRICTION STIR WELDS FOR ALUMINUM STRUCTURES: AN OVERVIEW

Classification of Welding Processes
Although a large number of methods for joining metals are available today, they may be classified into the following five basic categories (Masubuchi, 1980) .
• Fusion welding, e.g., gas metal arc welding (GMAW), gas tungsten arc welding (GTAW) • Electrical-resistance welding • Solid-phase welding, e.g., friction stir welding (FSW) • Liquid-solid phase joining • Adhesive bonding
In the fusion-welding process, the parts to be joined are heated until they melt together, and pressure is not a requisite. Examples of fusion welding include gas welding, arc welding, electron-beam welding and laser welding. Fusion welds that use inert gases, such as gas metal arc welding (GMAW) or gas tungsten arc welding (GTAW), are often applied to join aluminum structures.
In the electrical-resistance welding process, heating is firstly introduced via the passage of an electric current through the parts to be welded, followed by the application of pressure. Examples of electrical-resistance welding include spot welding, upset welding and percussion welding.
The solid-phase welding process is similar to that of electrical-resistance welding in terms of the application of pressure, but the metals to be joined are not melted, except for the very thin layers near the surfaces to be joined.
Examples of solid-phase welding include friction welding, forge welding and pressure welding. In this regard, FSW can be considered a type of solid-phase welding.
In the liquid-solid phase joining process, the parts to be joined are heated to a temperature lower than their melting points, and a dissimilar molten metal is then added to form a solid joint upon cooling. Examples of liquid-solid phase joining include brazing and soldering.
Finally, the adhesive bonding process makes use of the molecular attraction exerted between the surface to be bonded and the adhesive. Examples of such bonding include animal and vegetable glues, cements, asphaltums and various plastics (e.g., epoxy).
It should be noted that the processes of the first three categories are termed 'welding', whereas those of the latter two are often termed 'joining'.
Fusion Welds
Although various fusion-weld technologies are used in the fabrication of large-sized metal structures, inert gasoriented fusion welds are today the most popular in the construction of aluminum structures.
Fusion-weld technology provides a cost-effective tool in terms of speed, accuracy and weld-joint performance in the fabrication of such structures. However, a number of issues arise from the use of fusion welds in aluminum alloys for marine applications, such as 5000's or 6000's series alloys, including fabrication-related initial imperfections and a subsequent reduction in strength performance. Collette (2007) presented an excellent review of the impact of fusion welds in association with the ultimate strength performance of aluminum structures. Fig. 1 illustrates a schematic of the FSW process which applies a solid-phase welding. The metal plates to be joined are clamped onto a rigid backing body. This set-up is necessary to avoid any movement of the target plates during the welding process, such as movement in the longitudinal, transverse and lateral directions during pressing and plunging. The tip of the FSW tool, with a specially designed and profiled probe called a pin and shoulder is rotated under sufficient downward force at high speed, and then moves slowly along the joint line.
Friction Stir Welds
• Step 1: Set-up the target plates to be joined, which are clamped onto a rigid backing body.
• Step 2: Equip the machine with the FSW tool (pin) and place it over the starting point of the joint. The pin size (e.g., diameter and length), shoulder width, and rotating and forwarding speed of the FSW tool are chosen based on the properties of the target plates to be joined, such as plate thickness, material type and others. Fig. 1 Schematic of the FSW process (Thomas et al., 1991) .
TENSILE COUPON TEST
Tensile coupon tests were carried out to identify the mechanical properties of the base material and the material in the welded parts. Fig. 2 shows the dimensions of the tensile coupon test specimen in conjunction with the American Society for Testing and Materials (ASTM) standards.
It should be noted that the mechanical properties of rolled alloys may differ from those of extruded alloys because their production process is different. In ship aluminum-stiffened panels, plating is made of rolled alloys, and the stiffeners are usually made of extruded alloys. Therefore, the test specimens corresponding to the plate part and extrusions need to be prepared for testing. For the latter, only the material in the stiffener web part was tested in the present study.
Three types of specimens with plate thicknesses of 6 mm were cut out of the plate part, namely, in the longitudinal (rolled), transverse and diagonal directions, whereas only one type of specimen with a plate thickness of 4 mm or 6 mm was taken from the extrusions in the length direction. Table 1 lists the chemical composition of all of the alloys investigated in the present study, which is equivalent to that of the typical aluminum alloys used in marine applications. It should be noted that the chemical composition of rolled plates differs from that of extrusions. Fig. 3 shows the relationships between the engineering stress and the engineering strain of rolled plate aluminum 5083-H112, as obtained from the tensile coupon tests, where some materials were tested with multiple test specimens cut out in the same direction. Similar relationships were obtained for other types of materials, but with different mechanical properties as indicated in Table 2. Table 3 lists the minimum requirements of the mechanical properties of the base materials, as specified by the classification societies (Alcan, 2004; ABS, 2006; LR, 2008) . It is observed that the mechanical properties of 5383 alloys do not meet the minimum requirements specified by Alcan (2004) , while the materials were procured directly from Alcan France. Table 1 Chemical composition (wt. %) of aluminum alloys used in the present study.
5083-H112 (R) Note: (R) = rolled; (E) = extruded; E = elastic modulus; σ Y = yield strength; σ T = ultimate tensile strength; L-type = Longitudinal; T-Type = Transverse; D-type = Diagonal.
MECHANICAL PROPERTIES OF WELDED ALLOYS
To characterize the mechanical properties of the welded aluminum alloys, butt-joined specimens with a plate thickness of 6 mm were prepared via both the fusion-welding and friction stir welding (FSW) processes, as shown in Fig. 4 . The condition of each weld is as follows.
• Fusion weld: Filler metal -5183 aluminum alloy, diameter of filler wire -1.2 mm, shield gas -100% Ar. inert gas, welding speed -450 mm /min, electricity -183 A and 21 V, torch angle -50 degrees, welding progress angle -80 degrees. The tensile coupon test specimens for the butt-welds were prepared for the combination of dissimilar alloys as well as for the identical alloys as follows.
• 5083-H112 + 5083-H112 • 5383-H116 + 5383-H116 • 5083-H112 + 5383-H116 Fig. 6 shows the engineering stress versus engineering strain curves of the butt-welded aluminum alloys, as obtained from the tensile coupon tests. Multiple test specimens with the same weld condition were prepared. It is observed that a somewhat significant deviation exists in elongation of friction stir-welded region. A comparison of these curves for welded aluminum alloys fabricated by fusion welding and by FSW is also shown in this figure. It is found that the mechanical properties of aluminum material fabricated by friction stir welding are equivalent to or can be better than those by fusion welding. Table 4 summarizes the mechanical properties of the butt-welded aluminum alloys, as obtained from the tensile coupon tests. Table 5 presents the minimum yield strength requirements for fusion-welded aluminum alloys. It is seen that the minimum requirements of mechanical properties for welded aluminum alloys are quite different depending on the institutions. Nevertheless, the results of the present study meet the minimum requirements of fusion-welded aluminum alloys, while any corresponding guidance for friction stir welded aluminum alloys does not exist yet.
It is noted that the tensile coupon tests were performed for butt welds only in the present study, and thus further study is needed to verify the tensile properties of the friction stir lap-welded material. A microscopic examination of the friction stir lap-welded material is recommended to find any defects associated with the width and depth of the molten metal thin layer which potentially cause delamination in preor post-collapse range of the structure under compressive actions involving buckling or crushing. 
DISCUSSION
Welding reduces the mechanical properties or the tensile strength performance of materials, compared to those of base (unwelded) materials. It is observed that the tensile strength performance of friction stir welded aluminum alloys is superior to that of fusion welded aluminum alloys for joining materials between identical alloys or between dissimilar alloys. The trend of mechanical property reduction due to welding is more significant for 5083 alloy than 5383 alloy.
Compared to the fusion-welding process, that for FSW is considered to be more attractive, although there are some limitations to its application (Kramer, 2007; Paik, 2009) .
The advantages of the FSW process primarily result from the fact that it works in the solid state at a low temperature that is below the melting point of the materials to be joined. This is in contrast to the fusion-welding process. Thus, the level of fabrication related-initial imperfections in structures built by FSW should subsequently be slight and/or less severe than those produced by fusion welds.
The limitations of FSW applications may include the following.
• The pins of the FSW tool are consumable, and their size (diameter and length) differs depending on the properties of the plates to be joined.
• The position of welding is limited due to the orientation of the FSW machine, including the tool. Fillet welding is not relevant because inclining the target plates and/or the FSW machine along the intersections to be joined between the plate and extrusion is not straightforward.
• Butt-joining is relevant, but there must be no obstacles around the FSW machine that can disturb the rotating and forwarding of the tool.
• Lap-joining is relevant, but the pin size must be carefully chosen.
• A keyhole is formed at the end of each weld, as shown in Fig. 7 .
• The speed of FSW is usually slower than that of fusion welding.
• A weld nugget may form at the center of the weld. The mechanical property and strength performance in the friction stir welded region is affected by various parameters such as width and depth of molten thin layer, molten temperature, rotating and forwarding speeds, and possible quick cooling, etc. The quality assurance of the friction stir welded region can be performed by non-destructive test (NDT) methods to find any defects.
CONCLUSIONS
The objective of the present study has been to obtain test database on mechanical properties of friction stir welded aluminum alloys with the focus on 5083-H112 and 5383-H116 alloys. A series of tensile coupon tests were undertaken on friction stir and fusion welded aluminum alloys as well as base (unwelded) alloys. Welded materials between dissimilar alloys as well as between identical alloys were also tested. The engineering stress-engineering strain relationships of tested alloys have been documented with the identification of their mechanical properties. The test database developed in the present study will be very useful for the design and building of aluminum ship structures fabricated by friction stir welding.
